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Oxide heterostructures represent a unique playground for triggering the emergence of novel elec-
tronic states and for implementing new device concepts. The discovery of 2D conductivity at the
LaAlO3/SrTiO3 interface has been linking for over a decade two of the major current research fields
in Materials Science: correlated transition-metal-oxide systems and low-dimensional systems. A full
merging of these two fields requires nevertheless the realization of LaAlO3/SrTiO3 heterostructures
in the form of freestanding membranes. Here we show a completely new method for obtaining oxide
hetero-membranes with micrometre lateral dimensions. Unlike traditional thin-film-based tech-
niques developed for semiconductors and recently extended to oxides, the concept we demonstrate
does not rely on any sacrificial layer and is based instead on pure strain engineering. We monitor
through both real-time and post-deposition analyses, performed at different stages of growth, the
strain relaxation mechanism leading to the spontaneous formation of curved hetero-membranes.
Detailed transmission electron microscopy investigations show that the membranes are fully epitax-
ial and that their curvature results in a huge strain gradient, each of the layers showing a mixed
compressive/tensile strain state. Electronic devices are fabricated by realizing ad hoc circuits for
individual micro-membranes transferred on silicon chips. Our samples exhibit metallic conductivity
and electrostatic field effect similar to 2D-electron systems in bulk heterostructures. Our results
open a new path for adding oxide functionality into semiconductor electronics, potentially allowing
for ultra-low voltage gating of a superconducting transistors, micromechanical control of the 2D
electron gas mediated by ferroelectricity and flexoelectricity, and on-chip straintronics.
I. INTRODUCTION
The 2-dimensional electron system (2DES) forming
at the LaAlO3/SrTiO3 (LAO/STO) interface is at the
merging point of two major fields of research in condensed
matter, i.e. correlated-electron and low-dimensional sys-
tems, and has been catalyzing the attention of a still-
growing scientific community for 15 years1. Oxide-
based 2DES have been demonstrated to display a num-
ber of outstanding functional properties, including high
mobility1,2, superconductivity3,4, yet ill-understood mag-
netic properties5,6 that can be stabilized by atomic
engineering7, a strong Rashba type spin-orbit coupling8,
and an extraordinarily high charge-to-spin conversion
efficiency9. While the tunability of these properties by a
gate potential is today largely established4,6–8,10, it was
not until very recently that the possibility to tune their
electronic properties by a mechanically induced flexoelec-
tric potential was demonstrated11. This set of results
makes oxide 2DES a candidate platform for a new gen-
eration of devices in the fields of electronics, spintronics,
microelectromechanical systems and quantum technolo-
gies.
A new route bridging the two realms of complex ox-
ides and of low-dimensional system has been recently
reported. By replicating concepts previously developed
in semiconductor technology12–15, the realization of free-
standing perovskite films was demonstrated resorting to
water-soluble, epitaxial Sr3Al2O6 sacrificial layer
16. This
approach opens the perspective for application of meth-
ods and concepts developed in the field of 2D materi-
als, as graphene, MoS2 and related systems, to the ar-
guably richest class of inorganic materials, i.e. transition
metal oxides. Among other epitaxial structures, crys-
talline freestanding ultrathin samples offer specific ad-
vantages, allowing the control over degrees of freedom
as confinement, gating, curvature and strain that are
only partially accessible in films locked on their sub-
strate. Furthermore, analogously to the route success-
fully applied in electronics based on low dimensional
Van der Waals materials17 or on bottom-up synthe-
sized nanostructures18–21, the availability of freestand-
ing samples potentially allows to circumvent the prob-
lem of monolithical integration of oxides on semiconduc-
tors. The integration of devices based on epitaxial oxide
with semiconductor chips, in fact, has been addressed
through the decades10,22,23 with mixed success at a lab-
oratory level and remains, in terms of industrial process
compatibility, a partially unsolved challenge. As a con-
sequence, the method reported in 16 has raised a major
2surge of interest and has been quickly replicated by other
groups24–27. In spite of the many efforts on the topic, a
successful application to the realization of freestanding
LAO/STO samples with high quality metallic properties
has not been reported so far.
Here, we resort to strain engineering to demon-
strate a totally independent approach, leading to
the self-formation of freestanding epitaxial micro-
heterostructures (µHSs) showing metallic conductivity
down to cryogenic temperatures. By preserving the
strained state of LAO and STO well above the criti-
cal thickness, we induce a devastating strain relaxation
process, that fragments the surface in regularly-shaped
LAO/STO µHSs. We analyze the breaking mechanism
and characterize the individual µHSs in terms of curva-
ture, microstructure, strain, strain gradient and trans-
port. Finally, we discuss the perspectives opened by our
findings both in term of fundamental understanding and
of device applications.
II. STRAIN RELAXATION IN
COMPLEMENTARY GROWTH REGIMES
Our LAO films were grown by pulsed laser deposition
on TiO2-terminated STO single crystals. We explored
different deposition conditions, relying on previous expe-
riences on plume spectroscopy and growth stoichiometry
optimization28,29, and fixing the O2 background pressure
to a relatively high value, PO2 = 2·10
−2 mbar. We ranged
the film thickness up to about 180 nm, a value exceeding
by almost two orders of magnitude the reported theoret-
ical critical thickness hc for strain relaxation, confirmed
by experiments on semiconductors growth (around 4 nm
for 3% mismatch, according to 30) and by about one or-
der of magnitude a previously reported limit for pseudo-
morphic LAO/STO growth31. All samples went through
an in-situ oxygen post-annealing at the end of the deposi-
tion. Further growth details are reported in the methods
section.
We now show that it is possible to control the film
growth dynamics using the laser fluence on target as a
tuning knob. We select complementary growth regimes,
imposing either a gradual or an abrupt strain relaxation
mechanisms to the growing film. Similar complemen-
tary regimes, to some extent, were previously investi-
gated by Choi et al32, that explored regions of the laser-
fluence/background-oxygen-pressure phase diagram by
varying the background pressure.
In a low-laser-fluence growth regime, denoted as A,
a gradual strain relaxation takes place in our samples
through dislocation formation. Fig. 1a shows results
from a 30 nm thick sample grown in this regime and con-
firms the growth of smooth conducting film, with ter-
raced surfaces, damped reflection high-energy electron
diffraction (RHEED) oscillations and a relaxed vertical
lattice parameter. We find this kind of samples to be
conducting as shown in the Supplementary Information
FIG. 1. (a) Specular (0,0) RHEED spot intensity evolution
versus time during the growth of a 30 nm thick LAO sample
grown in regime A (low fluence). The sample shows flat sur-
faces with regular terraces (AFM image in second inset) and a
relaxed vertical lattice parameter c = 0.378 nm as measured
by x-ray diffraction (XRD, plot in first image); (b) specu-
lar (0,0) RHEED spot intensity evolution versus time during
the growth of a 30 nm thick LAO sample grown in regime B
(high fluence). The samples show highly persistent RHEED
oscillations, vertical surface cracks (AFM image in second in-
set), and a reduced vertical lattice parameter c = 0.374 nm
consistent with tensile in-plain strain (XRD plot in first im-
age). (c) sketch showing the first three stages of the growth
of LAO/STO samples in two different deposition regimes, at
increasing thickness. The last stage in B regime, i.e. the
formation of vertical cracks, starts occurring at about 25 nm.
Fig. S1, up to a maximum investigated a thickness of 120
nm, well beyond the previously demonstrated thickness
values32.
More interestingly, in a high-laser-fluence growth
regime denoted as B, a complex evolution takes place as
the film thickness increases. The first three stages of this
evolution are schematically shown in Fig. 1b, which par-
tially anticipates results reported in the following. The
films grow perfectly epitaxial, in a regime in which nucle-
ation of dislocations is almost suppressed. Above a first
critical thickness, vertical cracks appear at the surface,
in agreement with mechanisms already observed in semi-
conductor film epitaxy33. Such vertical cracks, leading to
macroscopically insulating LAO/STO heterostructures,
as checked in Van der Pauw configuration, are observed
in all samples with thickness of 30 nm or above, while
all samples below 20 nm were conducting and crack free.
Data collected on a 30 nm thick sample, reported in Fig.
1b, showed persistent RHEED oscillations, indicative of
a steady growth regime persisting until the end of the de-
position, a fully insulating behavior (data not reported),
vertical surface cracks in atomic force microscopy (AFM,
inset), scanning electron microscopy (SEM), optical im-
ages and TEM images (Supplementary Information, Figs.
S3, S4 and S5) and a reduced vertical LAO lattice param-
eter c=0.374 nm (inset) consistent with tensile in-plane
strain. The surface morphology, at this stage, presents
similarities with cracked sample surfaces shown in 34 and
32. The latter paper clarifies, in agreement with the con-
ditions employed in this work, the role of high-oxygen-
3pressure growth in preventing strain relaxation through
dislocations.
FIG. 2. (a) SEM picture of a typical surface of a sample in
high fluence conditions at the fourth and final stage, showing
membranes with typical lateral dimensions of 2-3 µm and,
more rarely, tapes with lengths up to several tens of microns,
rolled up in helices; (b) AFM image of a freestanding mem-
brane of a 180 nm thick sample; c) AFM 1-D profiles collected
on the red and cyan lines of the membrane shown in (b); (d)
Low resolution cross-sectional TEM image of a typical mem-
brane section in a 180 nm thick LAO film. The red arc follow-
ing the interface belongs to a circle with radius Rcurv = 8 µm;
(e) Sketch of the fourth and last stage of LAO/STO growth
in our high fluence conditions: freestanding membranes break
away from the substrate as a result of horizontal cracks for-
mation.
In Fig. 2a, a SEM image of a 60 nm thick sample
shows that the surface is covered by a mosaic of freestand-
ing, regularly shaped, 2-3 µm sized membranes with sides
aligned to the in-plane [100] and [010] directions of the
substrate. All membranes show a finite, similar, curva-
ture, that is not expected for a pure LAO fragment. In-
stead, it is suggestive of a bilayer membrane made of ma-
terials in different strain state12,20,21. Some membranes
keep from cracking along one direction up to a length
exceeding 10 µm. When the length largely exceeds the
curvature radius, membranes roll-up in helices, as in the
case for the single with a curvature radius of about 5 µm
is shown in Fig. 2a. The AFM image of a 180 nm thick
sample is shown in Fig. 2b. The profiles extracted along
orthogonal direction plotted in Fig. 2c are arch circles,
though plotted with an expanded vertical scale, and al-
low to estimate a curvature radius of about 11 µm. A
cross-view of a freestanding membrane section from the
same sample is shown on the Z-contrast scanning trans-
mission electron microscopy (STEM) micrograph of Fig.
2d. This image shows that the curved membranes shown
in Figs 2b and c are actually bilayer heterostructures,
reproducing at the microscale the intended macroscopic
LAO/STO heterostructure. The measured LAO thick-
ness (180 nm) agrees with the estimate from RHEED os-
cillations (Supplementary Information, Fig. S2), and the
STO layer thickness, though non-uniform, is grossly com-
parable. The estimated curvature radius is 8 µm. The
image shown in the Supplementary Information, Fig. S5,
demonstrates that most of the membranes are detached
from the substrate, as the one shown in Fig. 2d, and
don’t necessarily remain in proximity of the area where
they were formed, while in some cases they are still par-
tially connected to the underlying STO crystal .
Data collected on different samples suggest that the
thickness of the STO fragment stripped away from the
substrate strongly correlates with LAO thickness. More
statistics is needed to provide conclusive evidence and a
quantitative analysis on this issue. Remarkably, no dis-
locations are found in membranes explored across their
whole thickness: the growth of the LAO film appears to
be fully coherent from the interface to the surface. All
results from the previous panels are summarized by the
sketch reported in Fig. 2e, representing the fourth and
final stage of the sequence shown in Fig. 1c for sam-
ples grown in regime B. As a consequence of the extreme
strain energy accumulated during the perfect dislocation-
free growth, curved free-standing bilayer membranes ap-
pear on the surface. Such µHSs self-form spontaneously,
breaking away from the substrate in an abrupt strain re-
laxation process propagating a fracture plane parallel to
the surface, within the STO single crystal substrate. No
sacrificial layer is involved in this process and no chemi-
cal etching is needed. All data reported in the following
part of this paper (Figs. 2, 3 and 4) refer to samples in
such stage.
III. CURVATURE, STRAIN AND STRAIN
GRADIENT
The high-resolution image and the data analysis re-
ported in Fig. 3a confirm that the macroscopically
strained and bent state seen in the low resolution image
in Fig. 2d is coherently reproduced down to the atomic
scale. An accurate inspection of the image tells that the
leftmost and rightmost planes perpendicular to the inter-
face diverge from top to bottom, while the planes paral-
lel to the interface present a faint curvature. This sug-
gests that the system can be modelled as a dislocation-
free, curved heterostructure, coherently strained from the
atomic to the micron scale.
To quantitatively address the lattice deformations in-
duced by such strained bent state state, we resorted to
geometric phase analysis (GPA)35 starting from the high-
resolution micrograph in Fig. 3a. Here ǫxx and ǫyy
are respectively defined as variations with respect to x-
averaged in-plane (x direction, in the following) and out-
of-plane (y direction) lattice parameters at the interface
of the heterostructure. Fig. 3b shows the obtained ǫyy
strain map from the corresponding high-resolution image
in Fig. 3a. This map shows that ǫyy is mostly dominated
by the discontinuity of the out-of-plane parameter at the
LAO/STO interface. The ǫxx and ǫyy x-averaged profiles,
plotted in Fig. 3c, provide much finer information about
the lattice deformations induced in our heterostructure
4FIG. 3. (a) High-resolution Z-contrast STEM image showing
the LAO/STO interface taken along the [100] direction show-
ing that the macroscopic bending is reflected at the atomic
scale in a perfect, dislocation-free, curved lattice; (b) corre-
sponding ǫyy map, as obtained by GPA; (c) in-plane averaged
ǫxx and ǫyy profiles vs. a growing (from STO to LAO) ver-
tical coordinate; (d) geometric sketch of the heterostructure,
showing the position of the neutral surfaces, at a distance
tSTO and tLAO from the interface, and the regions in ten-
sile and compressive strain. The sections of the STO layers
expected to show orthogonal ferroelectric order based on the
STO strain phase diagram34 are identified by yellow areas
by the curved geometry. Beside the above mentioned ǫyy
discontinuity at the interface, we observe in fact a neg-
ative slope of ǫxx in the positive y direction (i.e., from
STO to LAO) and a positive slope of ǫyy away from the
interface. As discussed in the Supplementary Informa-
tion, Fig. S6, the slope of the ǫxx (−0.95 × 10
−3nm−1)
vs. y plot equals, in absolute value, the inverse of the
curvature radius Rcurv ∼ 1µm, while the slope of ǫyy
on each side of the interface is related, to first order,
to the Poisson ratio. The sketch reported in Fig. 3d
summarizes our GPA results. It can be deduced by ex-
trapolation that within each layer of our µHSs, a curved
neutral surface is found, where the lattice (neglecting the
rhombohedral LAO distorsion) is cubic (ǫyy = ǫyy) and
unstrained. The plots in Fig. 3c suggest by extrapolation
that such neutral surfaces ǫxx = ǫyy lie at about 10 nm
from the interface, slightly outside the region thinned for
high-resolution microscopy. The comparison between the
GPA results and the predictions of a simple geometrical
and mechanical model is discussed in the Supplementary
Information, Sections S5 and S6.
The understanding of the equilibrium shape and strain
distribution in freestanding epitaxial bilayer membranes
has been addressed in some previous works based on
semiconductors epitaxy12,13,20,21. It can be mapped back
to a classical continuous mechanics problem12 first ap-
plied to bimetal thermostats36. To describe the strain
state of our samples, we address our µHSs as bilayer
beams, rather than bilayer membranes. This approxi-
mation, valid when one dimension largely exceeds the
other two, provides a direct comparison with our TEM
images, due to the thinning of the samples along the zone
axis, as well as with the helices. The membrane problem,
not addressed here, is slightly more complex because the
competition between curvatures along orthogonal direc-
tions slightly flattens the membranes. This justifies the
bigger curvature radius measured in Fig. 2b and c, with
respect to Fig. 2d.
Once the geometrical constraints set by the purely elas-
tic deformation of our system are implemented in our
model, the elastic energy minimization problem is re-
duced to finding the optimal curvature radius. Such
problem is quantitatively addressed in Sections S6 and
S7 of the Supplementary Information and an analytic so-
lution is reported within the given approximations. At
distances tSTO and tLAO from the interface two zero-
strain (“neutral”) arcs are found, where the strain van-
ishes and changes sign. Pure geometry tells that finding
the optimal curvature radius is equivalent to finding the
optimal distance of the neutral surfaces to the interface.
We address here the specific case of a µHS composed of
two layers with the same values of the respective Young
moduli (YLAO ∼ YSTO) and thicknesses (dLAO ∼ dSTO).
The following equations apply:
t
STO
= t
LAO
=
dTOT
3
(1)
Rcurv =
2
3
aave
∆a
dTOT (2)
where Rcurv is the curvature radius of the interface, aave
is the average lattice parameter of the two layers and
dTOT = dLAO + dSTO is the total bilayer thickness. Eq.
1, Eq. 2 can be considered as a specific case of Tim-
oshenko formulas36, but they are also derived based on
a simple geometrical argument in the the Supplemen-
tary Information, Sections S6 and S7. Numerical calcu-
lations based on formulas reported in Section S7 of the
Supplementary Information show that the sample curva-
ture is very stable in the surrounding of the chosen point
(YLAO = YSTO; dLAO = dSTO): even considering a worst
case scenario in which, e.g., both d and Y for one layer
exceed by about 40% the other, Eq. 1, Eq. 2 remains
accurate within less than 4%.
As for the Young moduli, we rely here on datasheets
based on widespread ab-initio codes, mapping a broad
subset of inorganic materials and providing, among other
information, their elastic stiffness constants. As briefly
discussed in the Supplementary Information, Section S4,
the order of magnitude for YLAO and YSTO is about 300
GPa, the LAO stiffness exceeding that of STO by no
more than about 15%.
Considering the bulk values of LAO and STO lattice
parameters a value Rcurv ∼ 7µm is estimated for the
sample in Fig. 2a, in reasonable agreement with the ex-
perimental value Rcurv ∼ 8µm reported above. Eq. 2
shows that decreasing Rcurv values are achieved at de-
creasing sample thickness, in agreement with our data.
In particular, the much smaller Rcurv measured in Fig. 3
5with respect to Fig. 2d is related, though in a ill-defined
geometry, to the further sample thinning procedure for
high resolution electron microscopy.
The strain state of the self-formed micro-
heterostructures is expected to have a large impact
of the heterostructure properties. In particular, strain
in STO can induce ferroelectricity even at room
temperature37 and enhance both the electron mobility38
and superconducting transition temperature39. Yellow
areas in Fig. 3d indicate regions where orthogonal
ferroelectric polarizations (either parallel to the x or
to the y coordinate) are expected to appear, possibly
up to room temperature. The strain gradient in our
heterostructures, namely the inverse of the curvature
radius, is expected to induce the build-up of a giantic
flexoelectric surface charge and potential, exceeding by
orders of magnitude values obtained on bulk samples.
Zhang et al.11, for example, resorting to dynamical
bending of the macroscopic LAO/STO heterostructure,
could apply a strain gradient not exceeding 1 m−1.
They showed the buildup of a flexoelectric potential of
the order of 10mV and a consequent sizable variation
of sheet resistance, carrier density and mobility of the
2DES. By comparison, the strain gradient measured in
Fig. 3c is about 1o/oo /nm (or 1 µm
−1), i.e., six orders
of magnitude larger.
IV. MICRO-HETEROSTRUCTURES HOSTING
A 2-DIMENSIONAL ELECTRON SYSTEM
The crucial remaining question yet to be addressed, to
assess the interest of this system, is if our macroscop-
ically insulating samples are indeed insulating down to
the microscale, or are made of individually conducting
but electrically disconnected µHSs. Two-terminal de-
vices were fabricated by transferring µHSs to substrates
of Si capped with 200 nm of SiO2 gate insulator.
Individual µHSs were located and Ti/Au (300
nm/400nm) contacts were fabricated by electron-beam
lithography (see Methods for further details). Figure 4a
shows a SEM micrograph of a typical device. Four de-
vice batches with a total of ∼ 50 devices were fabricated
and measured. A large spread in the room-temperature
2-contact resistance values were found, most of them ex-
ceeding a value of 300 kΩ that generally increased to
above the measurement limit upon cooling. We attribute
this to dominating barriers at the metal µHSs interface
as is commonly observed in mesoscopic semiconductor
devices. Devices with R ≤ 300kΩ at room tempera-
ture, for which a good contact at the metal/2DES inter-
face was achieved, showed metallic behavior upon cool-
ing as shown in Fig. 4b, and followed the trend ex-
pected for metallic LAO/STO 2DESs. Figure 4c shows
the two-terminal conductance upon varying the potential
of the conducting Si substrate acting as a global back-
gate through a composite barrier made of SiO2 and of
STO. The conductance increases with gate voltage Vg
FIG. 4. (a) False color SEM micrograph of a typical µHS
device after transfer to a Si/SiO2 substrate and contacted in
a two-terminal configuration. (b) Resistance as a function of
temperature for two typical devices showing metallic behav-
ior. (c) The gate dependence of the conductance of Device 1
at 4K.
as expected for a n-type 2DES again in agreement with
expectation for macroscopic LAO/STO samples. Other
metallic devices showed a weaker gate response, however
with a consistent n-type trend. Further work, including
optimized contact recipes and the development of four-
terminal devices, is needed to study the separate contri-
butions of density and mobility.
V. SUMMARY AND PERSPECTIVES
In summary, we demonstrated the growth of
self-formed, freestanding, epitaxial LAO/STO micro-
heterostructures hosting a 2-dimensional electron sys-
tem. Their curvature is analyzed from the micro to
the atomic scale by resorting to several complementary
microscopy techniques. Due to the extreme sensitiv-
ity of STO dielectric properties to strain, and to the
giant strain gradient induced by this specific configu-
ration, we argue that two orthogonal ferroelectric ori-
entations might coexist in our samples at the distance
of a few tens of nm and that huge flexoelectric effects
are expected. Our micro-heterostructures are individu-
ally manipulated, transferred on Si/SiO2 substrates, con-
tacted and measured. Within the intrinsic limitations
of the two-contact measurements performed so far, they
show the standard transport properties of high-quality
LAO/STO.
The potential fallout of this work is multifold. We
demonstrate, in fact:
a) A new strain-based technique allowing to grow
highly crystalline, self-formed suspended membranes.
This approach can be applied to other oxide, semiconduc-
tor or metal systems, circumventing the necessity to re-
sort to a sacrificial layer. Prepatterned geometries based
6on trenches litographically defined on the STO surface
prior to deposition can be employed to predetermine the
geometry of the flakes.
b) The capability to create, manipulate and con-
tact micro-sized LAO/STO heterostructures and poten-
tially employ them as gate-tunable circuit components
to transfer on substrates with pre-defined functionalities,
such as microwave resonators and nanoscale gate arrays.
This opens a route towards integration of LAO/STO
micro-heterostructure not only with semiconductors, but
also with superconducting circuits, flexible electronics40,
exfoliated 2D materials41, flexoelectric actuator42, etc.;
c) The ability to introduce in oxide science and tech-
nology novel degrees of freedom of major recent inter-
est, i.e. curvature, strain and strain gradient. Applica-
tion to the LAO/STO system opens the route to imple-
menting devices of unprecedented complexity, in which
curvature can tune the 2DES properties (in the nor-
mal or in the superconducting state)43,44, either through
direct geometric effects, or though variation of SrTiO3
dielectric/ferroelectric/flexoeletric properties. We be-
lieve this to be the ideal system to study the interplay
of strain, ferroelectricity37, superconducting transition
temperature39, flexoelectricity11, and domain boundary
dynamics45.
Our results enrich oxide 2DES science by provid-
ing access to many yet unexplored degrees of free-
dom and by bridging it to microscale materials en-
gineering, micromechanics, ferro/flexoelectricity, meso-
scopic/superconducting gate-tunable electronics and to
the study of quantum and topological effects in curved
2D system.
VI. METHODS
LAO films were grown by Pulsed Laser Deposition
(PLD) on TiO2-terminated (001) STO substrates held at
730◦C at oxygen background pressure of 2 ·10−2 mbar. A
single crystal LAO target, mounted on a multi-target ro-
tating carousel, was ablated by using a KrF excimer laser
(λ = 248 nm, pulse width= 20ns, ablation spot area =
0.78 mm2, 45◦ angle of incidence) at a 3 Hz repetition
rate. A mask allowed obtaining a homogeneous beam
profile on the target surface. The target-substrate dis-
tance was fixed at 37 mm. After growth, an annealing
at 500 ◦C in 50 mbar of oxygen has been performed for
1h, before cooling down the samples in the same pres-
sure condition. Regimes A and B only differ on the laser
fluence, which are respectively in the ranges 1.0-1.5 and
2.0-2.5 J/cm2.
LAO/STO samples topography and crystal structure
have been characterized by means of AFM and XRD, re-
spectively. The AFM images were acquired on an XE100
Park instrument operating in non-contact mode (ampli-
tude modulation, silicon nitride cantilever from Nanosen-
sor) at room temperature and in ambient conditions. The
structural characteristics of the samples have been per-
formed by means of a X’Pert MRD-PRO diffractometer
in the high resolution configuration. A X-ray mirror and
a Ge [220] monochromator were placed in the diffracted
beam path to generate monochromatic Cu Kα X-rays,
with λ= 1.54056 A˚. Crystal quality was determined by
means of triple-axis attachment in which an additional
three-bounce Ge (220) channel-cut analyzer was placed
in front of the detector to obtain the same divergence
of 12 arcsec as the incident beam. The diffractograms
were acquired with a radiation of 40 kV and 30 mA, a
step width of 0.001 ◦C and an acquisition time of 10” per
step.
Electrical characterization on macroscopic samples has
been performed in a closed cycle cryostat down to 10K
by means of a Keithley 2400 sourcemeter resorting a Van
der Pauw configuration.
The LAO/STO composite membranes were prepared
for a TEM side view observation by embedding them in
GATAN G1 epoxy glue and following with a conventional
cross sectional TEM sample preparation. The sample
was subsequently Ar ion milled using a Gatan Precision
Ion Milling System with starting an energy of 3 keV,
down to a final cleaning energy of 200 eV. The struc-
tural analysis at the atomic level was performed with a
(Cs)-probe-corrected JEOL JEM ARM200C operating in
scanning TEM mode with a beam energy of 200 keV, us-
ing an high-angle annular detector resulting in Z-contrast
images. To take into account and correct both linear and
non linear artifacts in experimental images due to un-
wanted motion of the electron probe with respect to the
sample, we use a MATLAB implementation of the algo-
rithm described in 46. A commercial program, a Digital
Micrograph plug-in (DM 3.01 package, HREM Research
Inc.), was used for GPA. This algorithm reconstructs the
displacement field by Fourier filtering two non-collinear
Bragg vectors of the power spectrum generated from a
high-resolution micrograph35.
To fabricate electrical devices, the LAO/STO µHS
were transferred from the growth substrate to a Si/SiO2
substrate by gently touching the growth substrate with
the corner of a clean-room paper and then the Si sub-
strate (a similar technique is often applied for transfer
of semiconductor nanostructures). Prior to transfer, the
Si substrate was patterned with an array of metal align-
ment marks. Suitable µHS were located with respect to
the alignment grid using optical microscopy and electri-
cal contacts in two-terminal configuration were defined
by electron beam lithography using a ∼ 800 nm thick
resist stack. To improve contact performance, a brief,
gentle, Argon ion-milling was performed to induce con-
ductivity in the exposed contact area before evaporation
of Ti/Au (300 nm/400nm) contact metals. For both Ar-
gon milling and metal evaporation, a two-angle approach
was employed with a shallow angle (∼ 20 deg from sub-
strate normal) from the directions normal to the current
flow. This ensures Argon exposure and metal coverage
of the edges of µHS which is where the actual contact is
expected. It was confirmed on bulk STO samples that
7milling using the same parameters does not induce con-
ductivity in the regions covered by resist. Samples were
bonded to a PCB sample holder and electrical measure-
ments were performed using standard lock-in techniques
employing a 100 µV ac excitation in a RT-4 K cryo-setup.
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